We report on the magnetic actuation of superparamagnetic particles in a microfluidic channel. The formation of a highly confined and dynamic plug of particles extending over the cross section of the microchannel is enabled by superposing a static and a time-varying magnetic field. The latter is generated by an electromagnet and focused across the microchannel using microstructured soft magnetic tips. Finite element calculations of the magnetic force distribution do compare well with experiments. Our system allows maximizing the exposure of superparamagnetic particles to a microfluidic flow of interest for integrated lab-on-a-chip applications.
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Microfluidic lab-on-a-chip devices have been developed for a broad range of biomedical and bioanalytical applications. In particular, magnetic particle-based systems, e.g., used as a basis for immunoassays on-chip, are becoming increasingly popular. For such applications, the surface of magnetic microparticles ͑"beads"͒ needs to be functionalized with a suitable antibody. Maximizing the exposure of the bead surface to a microfluidic flow for antigen capture is an issue of primary importance, which explains the interest of magnetic micro-and nanoparticle manipulation using magnetic fields.
1,2 For example, magnetic microparticles have been passively trapped in a microchannel using external permanent magnets, allowing the formation of a dense and static plug. 3, 4 An alternative method uses geometrically trapped static chains composed of a relatively low number of beads. 5 A dynamic plug of moving beads, induced by timevarying and localized magnetic actuation fields in a restricted reaction volume, would clearly be of interest for enhanced analyte interaction. A first approach has been the use of ferrimagnetic beads that form stable rotating chains in an alternating magnetic field but stay agglomerated in bead clusters after field removal. 6 In many bioanalytical applications, individual beads should be released from the plug after analyte capture for further processing. Unfortunately, the previous technique cannot be readily applied to superparamagnetic or low-coercivity beads, as these change their magnetic state by Néel relaxation. The rotation of chains of superparamagnetic beads was so far only achieved using a macroscopic rotating magnetic field, 7-9 but such approach is based on complex systems, making microfluidic integration difficult. Moreover, such system is not directly suitable for bead retention in a microchannel, as the magnetic field gradients are weak. As a result, dynamic retention of a low number of superparamagnetic beads in a flow was not demonstrated before.
We report here on the dynamic actuation of superparamagnetic beads in a microchannel using a quadrupolar magnetic actuation system. Cyclic bead motion is achieved in a confined microchannel volume by superposing a magnetic time-varying field, as induced by an electromagnet and focused in the microchannel using soft magnetic tips, and a static field induced by permanent magnets.
The system is schematically shown in Fig. 1͑a͒ . A microfluidic chip consists of a microchannel with two fluidic connections and has two recesses for the accommodation of two soft magnetic tips, which focus the external field generated by an electromagnet across the microchannel. The latter ͑100ϫ 100 m 2 cross section, 2 cm length͒ is fabricated using polydimethlysiloxane ͑PDMS͒ molding. The chip is formed by clamping the PDMS part tightly on a glass slide. Soft magnetic tips, with a minimum width of 100 m at the end, are laser cut out of a 100 m thick magnetic foil ͑VA-COFLUX 50, Vacuumschmelze͒ and are inserted in the recesses on the chip from either side. The tips are positioned at 40 m from the channel side. The basis of the tips is in contact with a magnetic core ͑PERMENORM, Vacuumschmelze͒, being part of an electromagnet having 1400 Cu windings. The typical field strength between the tips, as obtained from finite element method ͑FEM͒ calculations, is of the order of 100-150 mT. Two removable permanent magnets ͑NdFeB, 16ϫ 8 ϫ 5 mm 3 ͒ are positioned on top of the microchannel several millimeters away from the tips. The choice of a slightly asymmetric magnetic configuration ͓see Figs. 1͑b͒ and 1͑c͔͒ is advantageous, as shown further. Fluid manipulation in the microchannel is performed using a syringe pump. We use 1 m MyOne superparamagnetic beads ͑Invitrogen͒ and use in our FEM calculations ͑COMSOL MULa͒ Electronic mail: yves.moser@epfl.ch. For benchmarking, we first investigate a bipolar magnetic system using two soft magnetic tips but without the removable permanent magnets. The two-dimensional ͑2D͒ FEM simulation in Fig. 2͑a͒ shows a symmetric magnetic induction with respect to the channel axis. In the experimental situation of Fig. 2͑b͒, a 20 Hz alternating magnetic field is applied to the tips, but no bead motion can be induced. Superparamagnetic beads are simply attracted toward the poles and form static plugs on the channel walls even if a timevarying field is applied. Such very dense bead plugs are obviously not ideal for efficient perfusion with a liquid. On the other hand, it was reported before that ferrimagnetic beads having higher coercivity do form rotating chains in such bipolar field configuration. 6 Adding two permanent magnets to the system, as schematically shown in Fig. 1 , fundamentally changes the actuation behavior. The 2D FEM simulation in Fig. 2͑c͒ indeed shows that the field in the active region between the poles is asymmetric with respect to the channel axis. Field maxima and minima are on opposing pole sides, and inverting the pole magnetization ͑coil current͒ shifts the field maxima to the opposite side. Consequently, the magnetic force acting on a particle will be changed likewise. As a consequence, in this quadrupolar magnetic actuation system, superparamagnetic beads can move across the channel by applying an alternating field to the poles ͓see Fig. 2͑d͒ and movie 1 of the supplementary information͒. 12 The force F ជ mag acting on a superparamagnetic particle, when it has acquired a magnetic moment m ជ in an external magnetic induction B ជ , is given by [13] [14] [15] 
In general, the magnetization m ជ of the particle moving in the field varies due to a spatially nonuniform magnetic field B ជ and an analytical solution of Eq. ͑1͒ is nontrivial. Discussions of the force on magnetic dipoles or particles have been reported earlier, 1,2,16,17 but, for our case, it is sufficient to consider two approximations: ͑i͒ weak magnetic fields where the magnetic moment m ជ of the bead is proportional to the magnetic induction B ជ and ͑ii͒ stronger fields where the bead moments are saturated.
In the linear region ͑i͒ of the magnetization curve, the magnetic moment of a bead in a liquid medium can be written in the following form:
where ⌬ is the difference in susceptibility between the particle and the medium, V is the bead volume, and 0 is the vacuum permeability. The magnetic moment m ជ of a nonsaturated particle freely moving in a nonuniform field has the same spatial dependence as B ជ ͑r ជ͒. Using standard vector calculation, we can write Eq. ͑1͒ in the following form:
In the saturated case ͑ii͒, the magnetic moment of the particle m ជ = m ជ sat is constant, and Eq. ͑1͒ becomes
Due to the 100-150 mT magnetic induction in the active region of the microchannel, the beads used in our experiments are close to saturation. We apply therefore Eq. ͑4͒ for the FEM magnetic forces calculations ͓represented by the arrows in Figs. 2͑a͒ and 2͑c͔͒ . Figure 3͑a͒ is a 2D FEM simulation of the magnetic actuation force ͓Eq. ͑4͒, white arrows͔ superposed by two dashed curves representing the trajectories of two single particles, shown in Figs. 3͑b͒ and 3͑c͒ , respectively. The trajectories are obtained from a sequence of photographs obtained using a high speed camera. The time lapses between the start and end positions are 105 and 121 ms for the sequence in Figs. 3͑b͒ and 3͑c͒ , respectively. The trajectories of the particles are clearly parallel to the force field shown in Fig. 3͑a͒ . For better quantification of the force, we have performed more elaborate three-dimensional FEM simulations and find a force F mag = 6 pN acting on a single particle in the middle of the channel ͓see Fig. 3͑d͔͒ . A corresponding particle velocity of 0.6 mm/s can be calculated by equalizing the magnetic actuation force to the hydrodynamic drag force. 3 We compare the thus calculated force and velocity with the experimental data that are somewhat below theory. This difference may be attributed to effects that cannot be properly taken into account in the simulation ͑e.g., variation in the material properties and local saturation of the magnetic tips, incomplete saturation of the beads, etc͒.
FIG. 2.
͑a͒ 2D FEM simulation of the magnetic induction of the bipolar magnetic system ͑without the use of permanent magnets͒. Arrows represent the field gradient that is proportional to the force on a magnetic particle ͑see further͒. ͑b͒ Optical micrograph of the bipolar system when using an ac current ͑20 Hz͒ applied to the electromagnet. Two static magnetic bead plugs are formed at the channel edges. ͑c͒ 2D FEM simulation of the quadrupolar actuation system. ͑d͒ Optical micrograph of the quadrupolar system actuated by using both the soft magnetic tips ͑20 Hz͒ and two permanent magnets. A bead plug moves from one channel side wall to the other due to the dynamic displacement of the magnetic field maximum. Cyclic bead motion is confined to the left side of the tips due to a slightly asymmetric arrangement of the permanent magnets.
In conclusion, we have demonstrated an integrated system for superparamagnetic bead actuation in a microfluidic channel. Combining alternating and static magnetic fields in a magnetic quadrupole configuration induces cyclic motion of superparamagnetic beads. Micromachined magnetic tips provide the high local field strength and gradient necessary for retention and manipulation of the beads. We think our system is of interest for many bioanalytical applications onchip. Indeed, when using beads with functionalized surfaces, the dynamic plug of magnetic beads may increase significantly the probability of analyte capture in a sample flow.
Moreover, when the magnetic field is removed, the superparamagnetic character of the beads will prevent clustering and permit an easy particle release from the system for further downstream processing and detection. 
